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‘ Ihge rotation using discrete cosi ne transforms. o~
Related Applications
This application is a continuation-in-part of U S. Patent Application No 08/ 159,795
filed 30 November 1993 by Munib A. Wober and Michael L. Reisch. Furthetmore, this

application is related to concurrently filed and commonly asslgned U.S. Patent
Applications, ‘assignee nos. C-7940, C-7966, C-8004, C-8005, C-8009 and C78036.

BACKGROUND OF THE INVENTION
I.  Field of the Invention
. The invention relates generally to an improved image processing sysiem and
methods for use with this system. More particularly, the invention relates to a system and
methods thereto for producing a sheared or rotated image. -
2. Désg ription of the Prior Art
~ Images can be thought of as two-dimensional representations of some visual reality

. that is distributed in space and/or time. Ordinarily, images are what the‘ human visual
system perceives as variations in external stimuli such as brightness, color, aiid sometimes -

. depth cues. While over the years many techniques have been developed to cé,pture and

reproduce images, their representation as continuous, discrete, or digital signals which can
be manipulated, processed or displayed through the use of computers or other spectal
purpose electronic hardware is the most recent technique Now well-estabhshed, this latest
technique has a variety of beneficial applications. For instance, while in electronic form, |
images can be enhanced to create special visual effects, restored, coded for transmission to
distant locations, stomd in memory (such as on CDROM, DAT, floppy disks, etc. ),
reconstructed, displayed, or converted to some other tanglblc form.

Image processing can occur in various domains such as the spatial domain or the
frequency domain. An image is said to reside in the spatial domain when the values of

ek
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the parameters used to déscribe it, such as luminance, have a direct correspondence with
spatial location. In the frequency domain, the image of the spatial domain may be
represented by a series of frequency components in the form of trigonometric functions

which, when summed for each image data point (i.c., pixel) of the spatial domain, yields e
the value of the parameter used to characterize the image at that particular image data . .
point in the spatial domain. Such a reptesentation may be extended to cover all image .

data points of an unage.

In the spatial domain, original image data may be represmted as a continuous
function of spatial position, designated s,(y,x) for the two-dimensional case. For most
applications it is acceptable, as well as advantageous, to sample this continuous-§pace
image along the horizontal and vertical directions at x=iT, and y=jT, where i and j :
are integer indices and T, and T, " are the horizontal and vertical sampling periods, :
respectively. This yiclds a matrix of ponm, 8,GT,iT,) which shall be identified henceforth
with the discrete signal designated as s(j,i) for the two-dimensional case where the lower
case, s, designates the spghal domain, i is the index of rows, j is the index of columns,
and i and j can be initialized to start at zero. In the frequency domain, matrices can
also be used to mathematically describe an image as a set of transform coefficients (also
referred to as frequency coefficients) which represent frequency data in a transform matrix
conventionally designated, S(v,u), where the upper case, S, designates the frequency
domain, u is the index of rows and v is the index of columns.

Spatial image data points may be transformed to the frequency domain using
transformations such as Fourier tmnﬁforms or discrete cosine transforms. The use of
discrete cosine transforms and inverse discrete cosine transforms for image compfession is

: wellknownmtheartand mfact,thepmctlcehasbeenadoptedasstandardmmdustryby ‘

The Joint Photographic Experts Group (JPEG) and the Motion Picture Expert Group
(MPEG); which were created as part of a joint effort of the Consultative Committee on
International Telegraphy and Telepbony (CCITT) and The International Standards

) Organization (1SO). P
Whenndmteevencosmemfomaﬁon(hemmﬁerDCT)isused,the 4 o
frequency domain is referred to as the DCT domain and the frequency coefficients are h

referred to as DCT coefficients. Conventionally, transforming data from the spatial
domain to the frequency domain is referred to as a forward transformation, whereas

2
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- .transformmg data from the frequency domain to the spatial domain is referred toasan - i

inverse transformation. Hence, a forward discrete cosine transfonnation is defined as a
transform that maps an image from the original image data points s(,i) in rhe .spatxal: ‘
domain to DCT coefficients S(v,u) i the DCT domain according to the basis function of
the forward DCT,. whereas an inverse discrete even cosiné transformation (or IDCT) is
defined as a transform that maps the DCT coefficients S(v,u) from the DCT demain to
reconstructed image data points §(j,i) in the spatxal domain according to the basis function
of the IDCT.

Processing an electronically acquired image in an image processing system
sometrmes mcludes sheanng or rotating the image. ‘'When an image such as the one
shown in Figure 2A is rotated, the result is shown in Figure 2B. Rotation is useful i in

" .-various applications such as xmage alignment, described using bilinear interpolat:on in

_"The Image Processing Handbook" by John C. Russ, 1992 CRC Press Inc., PP '95-100.
The primary object of the current invention is to provxde a system for shearing or

' rotatmg an image which is more efficient than’ existing systems and which is -

eomplementary to international compression standards such as ISO/IEC 10918-1, Section
A.3.3 set by the Interational Organization of Standards, Joint Photographic Experts Group

" and similar standards recognized by the Motion Picture Experts Group. Other objects of

the invention w111 in part, appear hereinafter and, in part, be obvrous when the followmg
detailed description is read in conjunction with the drawings.

SUMMARY OF THE INVENTION
An image processing system for skewing (i.e. shearing) or rotating an image '
includes: an image. acquisition device for acquiring an image signal:repre‘aenting‘an image;

.. a first mémory for buffering the image signal; a second memory for storing predetermined :

-discrete cosine transform coefficients; a matrix multiplier for multiplying the image signsl
times the predetermined coefficients to produce an output signal; a third memory for .
buffenng the output sxgnal control sequencer logrc for contmllmg operation of the image _ ’
processing system; and’ an output device for provxdmg a skewed or romed unage ‘
corresponding to the output signal,

Image rotation according to the inventive system is facilitated by perfonmng a

~ series of shearing operations on image data points representing an image in the spatial -

2
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domain. A first shearing operation produces aﬁrsts,heamdimagc by shearingﬂxéoriginal
image. A second shearing operation produces a second sheared image by shearing the
first sheared image. - A third shearing operation produces a third sheared image

comspondingtoarotatedimagebysheaﬁngmesecondshmdlmage For each .-
sbunng operat:onthe magedatapomtsaretmnsfonnedmtoDCT coefficients in a .
mquencydomamusmgadimeteevencosimtmmform(DCT) " Thereafter, skewed ",

,imagedatapomtsaregencrawdbytakmgamodxﬂed inversediscretcevencosine 4
transform {IDCT) of the DCT coefficients using a modified IDCT basis function ‘
dependmt upon either a honzontal or vertical offset.

. BRIEF DESCRIPTION OF THE DRAWINGS

The aforementioned aspects and other features of the invention are described in
detail in conjunction with the accompanying-drawings in which the same reference
numerals are used throughout for denoting corresponding elements and wherein:
" Figwelisa proferred embodiment of an elecn'onic imaging system according to
the present invention; :

Figure 2A is an image; )

Figure 2B is the image of Figum 2A rotated 90 degrees counterclockwise;

Figure 3A is a detailed block diagram of the electronic imagmg system of Figure

Figure 3Bisa logic diagram of the inatrix muhipli& 358 of Figure 3A; ~
Figure 3C is a timing diagram ofsignals usedandgenermdbythe system of
Figure 3A; , ':
Fxgum 4A is a flowchart, acoording to the mvention, for honzontally skewing an
image represented in a two-dimensional spatial plane using the system of Figure 3A;
_Figure 4B is & block diagram of ﬁze steps of block 8 of Figure 4A for transforming
segments of i nnage data points, whereby mh segment inchides all the image data pomt:
of a row; - : . . : : s
Fxgure 4C lsablockdlagram of‘thestepsofb!ockS ofogure4A fortransforming
segments of image data points, whereby each segment has fewer image data points than -
themmlnmnberofmagcdanpoinmmmemw; '

i
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Figure 5A is a flowchart, according to the invention, for verfically'skewing an
image represented in a two-dimensional spatial plane using the system of Figure 3A;
Figure 5B is a block diagram of the steps of block 46 of Figure SA for

transforming segments of image data points, whereby each segment includes all the lmage

data points of a column; and .

- Figure 5C is a block dmgram of the steps of block 46 of Figure 5A for
transforming segments of image data points, whereby each segment has fewer unage data
points than the total number of image data puints in a column.

The present invennon relates to an image processing system and associated i image |
processing methods for shearing or rotanng an image of a scene. Figure 1 illustrates one
exemplary embodiment of such a system. As can be seen, Figure 1 illustrates an
eiectronic image processing system where an image signal souroe, such as an electronic
still camera 10 or a scanner 12, provides an electronic image signal which represents an
image of the subject (not shown). A computer 18 receives the electronic signal from the
image signal source and thereafter processes the imag§ signal electrbnically‘to provide any
number of known image processing functions such as resizing, sharpeniné, noise removal,
reflection, edge detection or rotation. The processed image can be transmitted, i.c. output,
to any destination device or destination application such as a diskette 16, an ;lser monitor
20, a printer 14, or a remote monitor 26. Operator interaction with the systern is

_ facilitated by use of a kéyboard 22 or a mouse 24. Of course, the comﬁonents shown in

Figure 1 are merely exemplary rather than all inclusive of the many equivalent devices
known by those skilled in the art. For instance, the i image signal ‘source could mclude any
device which acts as an lmage signal source such as an electronic camera, a scanner, a
camcorder, a charge coupled device, a charge mJected device, etc. Also, it is noteworthy
that the processing of the image need not nesessarily ocour solely within the computer 18,

- Indeed, various phases or aspeci: of the image processing could occur in the image signal

source, the comj:uter or the destination output device.

The image processing system of Figure 1 is further detaxled in Flgum 3A which
includes an image signal source 350 connected to an image acquisition device 355 whxch,
in turn, is gonnected to RAM 356 and control sequencer logic 360. The RAM 356 is also

5
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connected to & matrix multiplier 358 and the control sequencer logic 360. The control

sequencer logic 360 and the matrix multiplier 358 are connected to one another and are

Both connected to ROM 352, ROM 354, ROM 357 and RAM 364. The RAM 364 and the
control sequencer logic 360 are both connected to an image generator 365 which .
represents any type of device capable of outputting an image, such as a printer, a CRT

display, ete. The control sequencer logic 360 receives a clock pulsetrain 361 from system .

“clock 362.

Operation of the image processing system of Figure 3A, useful for image shearing
and rotation, will be more easily understood in view of the following section on DCT :
mathematics. ‘ » .

1. DCT Mathematics

This section sets forth certain fundamental concepts relating to forward and inverse
discrete cosine transforms. :

An image is typically made up of a two-dimensional PxQ array of descriptors
called pixels or image'data points, where P is the number of rows and Q is the number of
columns representing the image. The image can be represented by either image data
points in the spatial domain, or by corresponding DCT coemciehis in the frequency
domain. A forward DCT generates the DCT coefficients by taking a discrete even cosine
transformation (DECT abbreviated as DCT) of the image data points. Conversely, an
inverse discrete even cosine transformation (IDECT abbreviated as IDCT) generates the
IDC;I' coefficients (i.e. reconstructed image data points) by taking an inverse discrete
cosiné transformation of the DCT coefficients. ‘ ‘

A DCT transformation can occur in any number of dimensions as understood by
those skilled in the art. In the following one-dimensional example, a row (more
genéricall}; referred to as a segment) of N image data points s(j) can be transformed
from the spatial domain to corresponding DCT coefficients S(v) in the frequency domain
in accordance with equation (1). |

¥

.
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where: 0SvsS(N-1), v an integer;
8(j) represents the matrix of image data points in the segment;
' S(v) represents the corresponding matrix of DCT coefficients;
5 N represents the number of image data points in the segment;
C.= -\ forv=0;and
ﬁ' . .
C,=1forv#0.

. The DCT coefﬁclents S(v) are determined from equation (1) where the normalized cosine
10 basis terms are derived for a segment having N image data points. The value for S(0) is
determmed for v=0 by summmg each of the image datapomts 8f) for 0<j< N-1)
times the cosine terms of the basis function. The value for S(1) is determmed as the
summation of image data points s(j) nmes the cosine terms for v = 1. This procedure,
which mdoxes fiston v and then on j, is repeated for derivation of DCT coefficients
15 S(0) through S(N-1).
A modified inverse dlscrete cosine transformatxon is mathematically deﬂned in
.equanon @) where the one-dunensronal matrix S(v) of DCT coefﬁcrents is transformed to
" a reconsn'ucted matnx (y) of reconstructed image data pomts and y is defined as a real

number th!xin the given range as disclosed and explained in the parent application '795.
20 ' ' ' ‘ '

N-1

8(y) = E C, Sv) oos.(_z_ﬂ)."_"‘. | \ @

where: '~ 0SysS(N-1), y areal number;

Stv) represents the matrix of DCT coeﬂicierrts;
' 8(y) represents the spatial matrix of reconstructed image data points;
Tas . N represents the number of image data points in the segment;

1
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C,! =._1_forv‘=-0;and

C,=1forvs0.

If the DCT coefficients S(v) of equation (1) are computed from a set of image data points
s(j) and the reconstructed image data points &) of equation (2) are computed from the
corresponding DCT coefficients S(v), then s() = y) when y=j, and the process is
referred to as invertible or one-to-one mapping since the reconstructed image data points
of §(y) are identical, within limits, to the original image data points of s(j). By evalus_,ting
y in equaﬁon (2) at other (non-integer) values where 0.5 YSN-1),a modiffed IDCT is
obtained which can be used for various processes such as the interpolatlon of values
falling between discrete image data points which represent an image.

In determining the valuwrepresenﬁngﬂwmonsﬁucted magedatapoints ()

' usmg equation (2), 3(0) is determined by summmg each of the DCT coefficients S(v)

times the cosine terms of the inverse basis function for y = 0. For example, the value for
3(0.5) is determined as the summation of DCT coefficients S(v) times the cosine terms for
y = 0.5. This procedure, which indexes first on y then en v, is repeated for derivation
of all desired reconsiructed image data points §(y) where 0 Sy € (N -1).

As carlier noted, the above mathematics can be readily expanded to multiple

dimensions as known by one of ordinary skill in the art. For instance, an image can be
20

represented in the spatial domain in two-dimensional format as described in parent
application '795, where s(y,x) repf&'cents the image data points at real values y and x
in the spatial domain, S(v,u) represents the corresponding DCT coefficients in the
frequency domain, x ranges from 0 to (P-1), y ranges from 0 to (Q-1), P represents the
total number of rows, and Q represents the total number of columns. The image data
points s(y,x) may represent, but are not limited to, pmmetm such as bnghtness, A
luminance, color or hue. .

Both equations (1) and (2) can alternatively be expressed in matrix notation. The
matrix notation (without indices) for gq\iation (Dis:

S =FB-s , @

PR

i
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. where S represcntsmemamxofDCTcocfﬂcicnts, s mpmsentsthematmofimage

' ‘-mau';xnotationforequauon(Z)m' '

: representstheinvaCTbasismauuforﬁmdesuedomputpoinn(ie reconstmcmd

’wbmmr S "Pcr}u'ssmlm L

.datapointsinthespanddommn,and FB mpmcntstheforwardDCTbasxsmmx. The -

i=B-s - . @
msrepmentsﬂwspaﬁalmauixofmonswmdmagedmmmts,andm' 4

image data points). Combining matrix equations (3) and (4) will reditce the number of
arithmetic operations as opposed to performing the matrix algebra in two dxﬁ'erent steps as

' «previously described. Combining matrix equations (3) and (4) yields:

§=IB:(FB . s) ' , :
=MB-s ‘ O’
where MB is a combined DCT basis matrix derived from matrix multxphcstxon of the A‘ ‘ '

" inverse DCT basis’ matrix IB times the forward DCT basis matrix FB. The combined

DCT basis matrix MB can be contemporaneously calculated while solvmg equaﬁon (5),
or MB can be precalculated and stored in a look-up table.

2. Image Rotation Hardware

The preferred embodiment of an image rotation system shown in Figure 3A
includes: image signal source 350; image acquisition device 355; matrix’ multiplier 358;
random access memory (RAM) image buffers 356 and 364; coefficient read only memory
(ROM) 352, 354 and 357; control sequencer logic 360; master clock 362; and image
generator 365. The master clock 362 produces a master clock signal 361 which is used by
the control sequencer logic 360 to generate clock signals CK1 and CK2. The image

acquisition devics 355 could be any hardware for acquiring an imsge from the source 350,

such &3 an input port, an A/D converter, eic. Similarly, the image generator 365 could be
any device or system for generating an image from the coefﬁcxents stored in RAMs 356 or
- 364, suchasapnnter cathoderaymbe,etc ‘l'!usoverallhatdwareconﬁgwaﬁonu
geneml purpose for implementing a variety of matrix product operations.
Referrlng to Figures 3A, 3B and 3C, the matrix multiplier logic 358 is 2 ﬁxed
point parallel arithmetic processor capable of computing a 3x3 matrix pmduct in nine CK]
“clock cycles. The control sequencer logic 360 generates clock pulses CK1 and CK2 from

1
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the master clock 362, The buffers 356 and 364 are random access memones o buffer the
input and output images; the read only memories 352, 354 and. 357 store precOmputed
coefficient matrices; and the control sequencer logic 360 is used to handle control signals,
timing signals, and memory address signals. '

The mathx multiplier logic 358 is a three fixed-point multnplier accumulator

~ (MAC) array shown in detail in Fxgum 3B, with mput/output Iatches and two bi-directional

data buses 372 and 374. The buses 372 and 374 are configurable to transmit data directly

.betweenRAM356andRAM364inpassthroughmode,ortoh'amndmtothemm '

multipher logic 358 for’ processmg in process mode according to Truth Table I which
defines the ﬂmctxons of data buses 372 and 374 as controlled by mgnals I and ];.

. TRUTH TABLE1

I0

i
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© " The three MAC units include multipliers 400, 402, and 404 followed by the adder
and accumulator pairs'{4l4, 420}, {416, 422}, and {418, 424}, respectively. The outputs

of the accumulators 420, 422 and 424 are stored, respectively, in output latches 426, 428,
and 430. ‘These provide temporary storage to multiplex the results onto the common
utpnt bus 431. :
The control sequencer logic 360 controls the memories and data buses as well as
generatmg appropnate timmg signals for the matrix multiplier logic 358. Specifically, the

control sequencer logic 360 provxdes to RAM memories 356 and 364, respectively,

address data on lines 378 and 382, and read/write (R/W) control data on lines 376 and

+ 380, - The control sequencer logic 360 also provides the matrix multiplier logic 358 wnth ‘

clock signals CK1 and CK2 (derived from master clock signal 361); bus directional signals
I, I; output multiplex control signals O,, 0, and addresses on line 366 for ROMs 352,
| 354 and 357 The control sequencer logic 360 is easily implemented with a
mxcrocontroller or programmable logic array (PLA), the choice being application
dependent. The former is generally more flexible from a programming standpoint but
somewhat higher in cost than the latter. ' .

. The operation of the matrix multiplier logic 358 is easily understood by
considariné an examplé of a 3x3 matrix multiplication where C represents a coefficient

matrix, D represents a source image data matrix, and B represems the result of matrix
multiplying C times D. Thus, for

B, B, By (C,CyCy) (D, D, Du
|Ba By By} = 1G;y 'C5 Cy| x |Dyy Dy Dy ©
By By By) |G Gy Gy VDSIDnDASS».

consider the first column of B which is the sums of products of me rows of C and the ﬁrst
column of D, '

k
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Byl | [CPu * CuPn o+ CybDy

By, =|CyD, - ¢ Gy e CpDn | M
B.sx_. CnD“u' v GDy +  CyuDy -

. The timing diagram in Figure 3C shows the relationship of the control and data
signals for this example. The compytation proceeds sequentially with the evaluation of -
the first, second, and third columns of the B matrix. The process begins with the clearing
of the accumulators by the negative RESET ;iulse‘ received by 'tﬁe matrix niultiplier logic
358 from the control sequencer lbgic 360. The first colﬁmn 'of matrix C, that is,' Cis Cary
C,,, and the first element of the first column of matrix D, that is D,,, are transferred to
input latches 406, 408, 410 and 412 respectively at time T, of clock pulse CKI.
Specifically, C,, is received from ROM 352 by input latch 406, C,, is received from ROM

~ 354 by input latch 408, C,, is received from ROM 357 by input latch 410, and D,, is -

received through the bus transmitter 432 from RAM 356 which stores the source image.

The control signals I, and I, control both the transfer, and the direction of transfer of data

between the matrix multiplier logic 358 and RAMs 356 and 364 according to Truth Table

1. The logic corresbonding to Truth Table 1 is shown by logic 434 and bus transmitter

432. Attime T, the products C,,D,,, C,D,,, and CyD,, are stored in accumulators 420,

422, and 424, respectively. Logic (not shown) for scaling the outputs, i.e. truncating data,

would typically follow the accumulators, as well known by those skilled in the art, to

handle data overflow conditions. At time T, the second column of matrix C, that is, C,,,

Cy» and Cy, and the second element D;, of the first column of D are transferred to the

input latches 406, 408, 410 and 412, respectively. The partial sum of products, that is,

C1iD1#+C;Dsyy Cyy Dy HCyDyy, €y Dy +Cy3D;, are stored at time T, in accumulators 420,

422, and 424 respectively. Of course, multiplication occurs in multipliers 400, 402, 404

and addition occurs in adders 414, 416, 418. The process repeats for the third column of

C and third eloment of the first column of D resuiting at T, in the first column of B

having elements {C,,Dy;+C;;Dy+CisDy}, {CoyDy+CsDy+CyDyy} and '

{C3;D;+CyyDy+CyyDy,} Which were obtained as the sum of the products of the rows C

and the first column of D (see equation (7). ' -
At the rising edge of clock pulse CK2 st time T, the data from accumulators 420,

422, and 424 is transferred to the output latches 426, 428, and 430, respectively. Output

1L
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multiplex control signals 0, and 0, time multiplex the outputs of the output latchcs onto
data bus 372 or 374 in accordance with Truth Table I at times T,, T,y and Ty, Thcwhole
process isropeawdinthisfashlonforcompmingthcmmaxmngsecondandﬂﬂrd columns
of B in equation (6). . ‘
The above mplomenmtxon of the hardware of Figures 3A and 3B describes one

'- complete shear of the i image data points representing the image. Of coursc, to properly

carry out image: rotation as described in the followmg section on Image Rotation .
Mcthodology.Meshearsmrequired. Thus,tbodatapointsstomdinR.AMB&aﬁcr
one sheanng operation should be transferred in pass-through mode (see Truth Table n
from RAM 364 through matrix multiplier 358 to RAM 356. The shearing process repeats
\mtil all three shears have been accomplished and the resultant i image data pomts stored in

In sum, the matrix multiplier logic 358 of Figure 3A is ideally suitcd to perform
image routlon. The first and second rows of both the horizontal and vertlcal transform

" matrices are stored in ROMs 352 and 354, respectively; the source image is stored in
" RAM 356; andthcroutedimageisstomd in RAM 364. Notethatthcmatﬁxmulﬁpl:cr
4 B logic 358 is clearly able to handle products of matrlooa other than order thrce For
~ example, vector products, as well as 2x2 matrix products can be easily proccswd

Of course functional equivalcnts of the abovo descnbcd components would work

: equally well in mplancnung the image rotation device. For mstanco, the mcmones are

not limited to RAMs or ROMs but include any type of known memory devxcea Also as

 earlier noted, the coefficients stored in ROMs 352, 354 and 357 could be precalculated as B

‘a combmed reconstruction vector to be multiplied times thc source plxols received from -

" RAM 356 rather than as prccalculatcd modified IDCT basis cocmcienta to be multiplled

timcc prccalculatcd DCT coefficients stored i in RAM 356.
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* 3. lmage Rotation Methodology

The image processing system of Figure 3A provides image rotation in the DCT

" domain by decomposing the rotation operation into a sequence of shearing operations. A

rotation matrix can be represented in the form:
~ (cosd -sind
sin6 me

whereaisthedesmdangleofrotanon Thisrotaﬁonmatrixcanbedecomposedintoa
productofshearingmam«swhere ‘
| 10
p 1)

represénts a vertical shearing matrix for shearing an image vertically and ‘

1 &

01
represents a honzontal shearing matrix for shearing an image horizontally. The rotation
matrix can be décomposed as either:

L) -

where the vertical shearing factor is defined as B = sin 6 and the horizontal 'shearing
factor is defined as « = - tan (6/2), or;

RS ‘,m |

where the vertical shesring factor is defined as B = tan (9/2) and the horizontal

vshmngfactorisdcﬁnedas o=-sin@ - . c
Inthecaseofthedecomposxtwnmequmon(&mmpmmagexsmmedbym .
angle © by (1) horizontally sheanng the input image to produce a first skewed image (2) -
vemcally sheanngtheﬁrstskemdxmagetopmdueeasecond skewd image, and (3) N
horizontally shearing the second skewed image to produce thp rotated image.

H
2
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. In the case of the decomiposition in equation (7), an input image is rotated by an
angle 8 by (1) vertically shearing the input image to produce a first skewed image (2)
horizontally shearing the first skewed image to produce a second skewed image, and (3)
vertically shearing the second skewed image to produce the rotated image.

In the general case of image rotation using the decomposition in either equation (6)

- or (7), the image rotation method includes the steps of:

@ provxding a first spatial matrix of pixels represenﬁng an original image in two ' ‘

(i) generating a first shear matrix (also referred to as a ;zkew matrix)
corresponding to a first skewed image by shearing the first spatial matnx m a first
dimension; -

. (iif) generating a second shear matrix corresponding to a second skewed image =~ -
by shearing the first shear matrix in a second dimension; ‘and
(iv) generating a third shear matrix corresponding to a third skéwed ir'nage, ie.
the image rotated by 8, by shearing the second shear miatrix in the first dimension.
'A major advantage behind performing the shearing in the above manner is the decoupling
of the horizontal and vertical shears, so that a new sampling grid for each shear step need

. only be computed in one dimension. Of course, it is not always necessary or desirable to

shear all pixels of an image. In some instance,' shearing a portion of the image is
sufficient. A .

An image, represented as s(j,i), can be horizontally sheared as shown in Figure 4A A
according to the decomposition in equation (6), where @ is initializéd to a desired angle of
rotation, and the row index r is initialized to zero in block 440. .P represents the totnl :
number of ; mws in the image, and Q represents the total number of columns in the
’unage Since the image is represented as a PxQ matnx, Q also represents the totai
number of image data points in each row. Thus, ifa segment size equal to the total
number of pixels in a row is selected, then Q columns in Figure 4A equates with N

- image data points in equation (1). In block 442, the horizontal shearing factor o = -
- tan(6/2) is calculated and in block 444 the horizontal offset AH is determined asthe

product of the horizontal shearmg factor o txmesthe row indwc r (ie. AH = qar).
In block 446 all pnxels inrow r are shifted by the same horizontal offset AH

This is done using the process shown in either Figure 4B or 4C. Flgﬂrg~4B shows the
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appropriste steps for shifting and txmsformmg a complete row of image data points in one
step whereas Figure 4C shows the appropriate steps for shifting and transforming a row of
,mage data points by first dividing the row into N point segments, where N is equal to
or less than the riumber of pixels in a row. Specxﬁcally, the DCT transformation process

of Figure 4C is performed by taking DCT transformations of adjacent three-point segments -

(i.e. N=3) of image data points having a one-point overlap, whereas the DCT

. transformation process of Figure 4B is performed by taking DCT transformations for N=Q,

" For either Figure 4B or 4C, each pixel of a given row is shlftcd by the value of the

horizontal oﬂ’s& AH, which is generaily not an integer and can be written as:
, AH =Ty + Ly

where 1, and f, are the integer and fractional parts of AH,respectively Theshxﬁby
AH can be implemented by computing the interpolated values of the IDCT coefficients
4(y) as though the shift was by f,, and then just offsetting the result by I, in the output
matrix. The modified IDCT of equation (2) is then evaluated according to equation (8) to
comﬁensate for the fractional part of the horizontal offset, f,,.

N-1

8 G-1) 4 80D lyuer,,” ): c, S(v)cos (2(j-fm)+1) ®

where: 0 < (-fu) S (N-1), j an integer;
0 <y < (N-1), vy areal number;
Sv) represents the matrix of DCT coefficients;
8(y) represents the spanl.l matrix of reconstructed (skewed) i unage data

* points;

§ G-l) represents 8(y) thh the y index changed to mteger valuu,
N reptesems the number of DCT coefficients in the segment;

'.u
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C. '--l—forvco;nnd 4 . :
V2 | |

C,=1 for v % 0.

For the above values of y, there will be (N-1) reconstructed image data points ;
whether N represents either the total number of pixels in the row (Fig. 4B) of a lesser o
number of pxxels of a segment (Fig. 4C). All of the reconstructed image data points will
he in the spatial range between 3(0) and 3(N -1). , :

In block 448, the row index r is incremented by one, then tested against the total :
number of rows P in block 450. If r < P, then the sequence of steps in  blocks 444-450 !
is repeated. In effect, each pass through blocks 444-450 skews another row of pixels of ‘
the image. Completion of the shearing of each row in the i image results in a first
horizontally skewed image. '

The preferred implementation of the above skewing method is achieved by

segmenting the desired row of the image into smaller, overlappmg blocks of image data

points of size N as shown by the steps of Fig. 4C. It has been empirically determined
that a three or four point DCT with a one-pomt overlap between ad]acent segments -

- provides excellent resuits (although any segment siz¢ N could be selected) When N=Z,
the speed of computation is high but the accuracy of the results suﬁ’ers. In contrast when
N=8, the accuracy of the interpolation is high but computational speed is slow. Thus, a -
preferred embodiment provides a row of image data points subjected to a three-point DCT
according to equation (1) when N=3. Thus, N is set to 3 and the column index ¢ is
mxtializedtozeroinblock458 Row r equates to index i and column ¢ equates to
mdex j in DCT equations (1) and (8) for an image represented spatially as s(j,i). In
block 460, a DCT according to equation (1) is taken of the first three-point segment of
Tow T, namely s(0), s(1) and 3(2) The modified IDCT of equation (8) is used in block

. 462 to reconstruct spatial image data points 3(0) and 8(1). The reconstructed image data

pomt 3(2), which is overlapped with a second thtee-pomt segment, will be calculated and

_ included in the second segment of reconstructed image data points. The values of 3(0)

and §(1) are stored or otherwise saved as neconstructed image data points of the
dhonzontally skewed image. In block 464 the column index ¢ is incremented to ¢ =

17
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c¢tN-1. In block 466, it is determined whether or not all of the pixels have been processed

for row r. If all of the pixels have been processed, then the decxsxon block is answered in

the affirmative and the ovemll borizontal shearing process continues in block 448. If on

the other hand, all of the pixels in row r have not been processed, then the DCT
transformation of the next N-point segment continuss in block 460. In'the curreat

example, c-2,andtbenexttlnee;poiﬁtDC’rbcctn-soppixclsinﬁiesanjemvirspatia.lly .
located at 3(2), 8(3) and s(4). The modified IDCT of equation (8) is used to reconstruct B
spatial image datapointss@)md §(3)mblock462 Thevalues of§(2) md§(3)axe saved

. for the matrix of reconstructed image data points. The above overlappmg procedm

continues for each pixel of the image resulting in a first horizontally skewed image
represented as a matrix of reconstructed image data points.

Once the image is horizontaily skewed to form the first horizontally skewed image
according to decomposition equation (6), then the second step of equation (6) calls for
vertically shearing the first horizontally skewed image. This can be accomplished by
following the steps of Figure 5A. ; '

In block 500, 6 maintains the same value selected for horizontal skewing ‘and the
column index ¢ is initialized to zero. Since the image is represented asa PxQ matrix, P
also represents the total number of pixels in each column. In block 502. the vertical
shearing factor B = sin@ is calculated and in block 504 the vertical offset AV is
determined as the product of the vertical shearing factor B times the column index ¢ (i..
AV = Bo). ‘

In block 506 all pixels i in column ¢ are shifted by the same vertical offset AV.
This is done using the process shown in cither Figure 5B or 5C. Figure 5B shows the
appfopﬁate steps for shifting and transforming a completé column of image data points in
one step whereas Figure 5C shows the appropriate steps for shifting and transforming a
column of image data points by first dividing the column into N .point segments, where
N is equal to or less than the number of pxxels in a column. Specxﬁcally, the DCT
transformation process of Figure 5C is perfom:ed for the present embodiment by taking
DCT transformations of adjacent threé-point segments (i.e. N=3) of image data points
having a one-point overiap, whereas the DCT transformation process of Figure 5B is
performed by taking DCT transformations for N=P,

19
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_ For either Figure 5B or 5C, each pixel of a given column is shifted by the value of
the veftical offset AV, which is genefaily not an integer and can be written as:

S AV =1, +1,, '
‘where 1,y and f,y are the integer and fractional parts of AV respeetwely The shift by
AV can be 1mplemented by computing the interpolated values of the IDCT ooeﬁﬁclents
8(y) as though the shift was by f,vandthenjustoﬁ'semngtheresultby 1,v in the output
matrix. The modified IDCT of equaiion (2) is then evaluated according to equauon ® to , ;
compensate for the fractional part of the vertical offset, fave '

: . N-1 o : B
§.G-1) 8 80) |y, " % 2_; C, 5 ol @G-f)+) O

where: 0 < (-fav) S (N-1), ] an integer;

O0<ys(N-D, y "arealnumber;

S(v) represents the matrix of DCT coefficients;

$(y) represents the spatial matrix of reconstructed (skewed) image data
points; k - o .. : -
8 (j-1) represents 8(y) with the y index changed to integer va.‘llies;"
N represents the ‘number of DCT coefficients in the segment;

ACV —-forv-o and
W2 ,

C;al'for v#0.

For the above values of y, there will be _(N-1) reconstructed Qimage data points
whether N represents cither the total number of pixels in the column (Fig. 5B) or a lesser .
number of plxels of a segment (Flg. 5C). All of the xeconsn'ucted image data points will
lie in the spatial range between §(0) and 8(N-1).

"In block 508, the column index ¢ is mc:emented by one, then tested -against the
total number of columns Q in block 510. If ¢ < Q, then the sequence of steps in blocks
504-510 is repeated. In effect, each pass through blocks 504-510 skews another column
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of pixels of the image. Completion of the shearing of each column in the first
horizontally skewed image results in a first vertically skewed i image.

As described above, the current example uses a three-point DCT with a one-point
overlap between adjacent segments. Specifically, a column of image data points is
subjected to a three-point DCT according to equation (1) when N=3. Thus, N is set to 3
and the row index r is initialized to zero in block 518. Row r equates to index i and
column ¢ equates to index j in DCT equations (1) and (8) for an image represented
spatially as s(,i). In block 520, a DCT according to equation (1) is taken of the first
three-point segment of column ¢, namely s(0), (1) and s(2). The modified IDCT of
equation (8) is used in block 522 to reconstruct spatial image data points 4(0) and ¥(1).
The reconstructed image data pomt $(2), which is overlapped with a second three-point
segment, will be calculated and included in the second segment of reconstructed image
data points. The values of 3(0) and §(1) are stored or otherwise saved as reconstructed
image data points of the vertically skewed image. In block 524 the row index r is
incremented to r = r+N-1. In block 526, it is determined whether or not all of the pixels
have been processed for column c. If all of the pixels have been processed, then the
decision block 526 is answered in the affirmative and the overall horizontal shearing
‘process continues in block 508. If on the other hand, all of the pixels in column c have

. not been processed, then the DCT transformation of the next N-point segment continues

in block 520. In the current éxample, the value of r in block 526 is 2 afier processing
the first three-point segment, and the next thrée-point DCT occurs on pixels in the same
column ‘spatially located at s(2), 5(3) and s(4). The modified IDCT of equation (8) is used
to reconstruct spatial image data points §2) and 3(3) in block 522. The values of 8(2) and
8(3) are saved for the matrix of reconstructed image data points. The above overlapping
procedure continues for each pixel of the. image resulting in a first vertically skewed
image represented as a matrix of reconstructed image data points.

Once the first vertucal}y skewed image is obtained by vertically skewmg the first
honmntallyskcwedlmage ﬂxenmcﬁnalswpforrotaﬁngmcmagebymanglee
according to decomposition of the rotation matrix as shown in equanon (6), can be
implemented by horizontally skewing the ﬁrst vertically skewed matrix m an effort to
obtain a second horizontally skewed matrix. 'l'hxsxsdonemthesamemannerasdescribed
aboveinaoeordmcewhhtbcpmeessshowninF:gmu4A,4Band4Cforobtnmmgthe
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first honzontally skewed matrix. For the preferred embodiment using the three-point DCT
with a one-pomt overlap the processing steps of Flgurc 5C are followed. The second
horizontally sheared image (represented by the second'hoﬁzomally skewed matrix), which
is obtained by horizontally skewing the first vertically skewed image, componds to the

' onginalimageromdbytheselectedanglea

The same procedures described above can be applied when rotatmg the image by
decompositiou of the rotation matrix of equauon . However the value of the honzomal

shearing factor of block 442 in Figure 4A will be changed to & = -sin@, and tbe valug of

the vertical shearing factor of block 502 in Figure SA will be changed to B = tan(8/2).
It is to be understood that the above desciibed embodiments are merely illustrative
of the present invention and represent a limited number of the possible speéiﬁc

embodiments that can pfoﬁde applications; of the principles of the invention. Numerous E

and varied other arrangements, which are structurally or operationally equxvalent to the
claims as described herein, may be readily devised in accordance with these principles by

. those skilled in the art without departmg from the spirit and scope of the invention as’

claimed.
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. Claims:

1. An image processing system for skewing or rotating an image received . ’

" from an image signal source and represented as an image signal, said system comprising:

means for acquiring the image signal from the image signal source;
. a first memory for buffering said acquired i image signal;

a second memory for storing predetermined discrete cosine mmsform coeﬁﬁclems; ;

a mauix multiplier for multiplying' said image signal retrieved from said fn'st ' i
memory times said predetemnned coefficients to produce an output signal; .

a third memory for buffering said output signal; '

' conuél.sequenm logic for cdntrolling operation Qf said image processing system;

an output device for retnevmg said output signal ﬁom said third memory and
providing a skewed or rotated i image correspondmg to said output signal.

2. An image processing device for skewing a segment of an image, said image
represented by pixels aligned in rows and columns in & spatial domain, said device
comprising: o '

means for selecting an image rotation angle;

means for initializing one of a column index and & row mdex,

means for determmmg a shear factor trigonometrically related to said image
rotation angle;

means for determining an omet related to said shear factor and said one of the
column index and the row indeéx; :

means for generaﬁhg DCT coefficients 6f the segment of pixels related to said one
of the column index and the row index by taking a forward discrete even cosine
transformation (DCT) of said segment; and ' '

means for generating modified IDCT coefficients of said segment by taking a
modified inverse discrete even cosine transformation (IDCT) of said DCT coefﬁcxents,

, said modified IDCT cocfﬁcncnts corresponding to said skewed segment of the image o -

3
N
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"3.. The image processing method of claim 2, further comprising means for
generating said skewed segment of the image in response to said modified IDCT
coefficients. . ‘

| 4, An image processing device for skewing an image repmented by pxxels ‘ :
ahgnedmrowsandcohmnsmaspaualdommn,saxdmeﬂwd comprismg S _ 1
means for selectmg an image rotation angle 6; :
means for initializing an integer row index r; :
means for determining a horizontal shear factor o= -tan(6/2); .
means for determining a horizontal offset AH defined as the product of the
horizontal shear factor o times the row index r; )
~ means for generating DCT coefficients of segments of pixels related to said row - 4 ’
index r- by taking a forward discrete even cosine transformation (DCT) of said segments; '
. means for generating modified IDCT coefficients cou-espdnding to shifted pixels by

taking a modified inverse discrete even cosine transformation (IDCT) of said DCT

coefficients of said segments using & modifled IDCT basis matrix dependent upon said

- horizontal offset; and

means for incrementing said row index r by one so that a next fow of said imiage
can be processed.

5. ©  The image processing device of claim 4, further comprising means for
generating said skewed image in response to said modified IDCT coefficients.

6. An image processing device for skewing an image represented by pixels

- aligned in rows and columns in a spatial domain, said device comprising:

_-means for selecting a predetermined image rotation angle 6;
‘means for initializing an integer column index «c;
means for determining a vertical shear factor B = sin 6;
means for detexmmmg a vertical offset AV defined as the product of the vertical

shear factor § times the column index c;-

means for generating DCT coefficients of segme_nts'of pixels itlited to said column
index ¢ by taking a forward discrete even cosine transformation (DCT) of said segments;

b
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. 'means for generating modiﬁed IDCT coefficients correspOnding to shifted pxxels by
taking a modified inverse discrete cosine transformation (IDCT) of said DCT coefficients
of said segmems usmg a modified IDCT basis function dependent upon said vertical
offset; and . L
means for mcrementmg smd column index ¢ by one so that a next column of said |
image can be processed. - : : . :

7. The image processing device of claim 6, further comprising means for

generating said skewed image in response to said modified IDCT coefficients.

8. An image processing device which provides an output image rotated
relative to an input image by an angle 8, said device comprising:
() means for providing an array of rows and columns of pixels represennng the
mput image; B
(b) means for producing a first sheared image by performmg a first shearing
operation on said array, said means for producing a first sheared image comprising:
(bl) means for initializing an integer row fndex N
(62) means for determining a horizontal shear factor o= -tan(8/2);
(b3) means for determining a horizontal offset AH defined as the product of
the horizontal shear factor o times the row index r; |
(b4) means for generating DCT coefficients, of a segment of pixels related
to said row index 1, by taking a forward discrete even cosine transformation
(DCT) of said segment;

. (b5) means for generating modified IDCT cocfﬁcients, corresponding to
shifted pixels, by performing a modified inverse discrete even cosine
transformation (IDCT) of said DCT coefficients of said row index r:using a
modified IDCT basis function dependent upon said horizontal offset;

' '(memaforincréménﬁngsﬁdmwhde; r by one so that a next row of
said image can be prooessed . . '

(c) means for producing a second sheared image by performing a second shearing
peranon on said first sheared image, said means for pmducmg a second sheared image ‘
comprising:

L
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(c1) means for initializing an integer column index ¢;
(c2) means for determining a vertical shear factor B = sin ;
" (¢3) means for determining a vertical offset AV defined as the product of - ,
the vertical shear factor f fimes the column index c; L o | . |
(c4) means for generating DCT coeﬁoients of a segment of pixels related
to said column mdex ¢ 'by taking a forward discrete even cosine transfomation '
(DCT) of said segment; _
‘ (c5) means for generating modified IDCT coefficients, corresponding to
shifted pixels, by performing a modified inverse discreie cosine transformation
' (IDCT) of said DCT coefficients of said column index ¢ usmg a modiﬁed IDCT
' basis function dependent upon said vertical offset; - '
| " (c6) means for incrementing said column index ¢ by one so that a mxt
‘columnofsaxd:magecanbeprocessedand » - | :
(d) means for producing a third sheared image corresponding to said outpm unage
by performing said first shearing Operation on said second sheared image ‘ -

9. An image procéssing device which pr;avidc's an output image rotated g
relative to an input image by an angle 6, said device comprising:
‘ (a) means for providing an array of rows and columns of pixels ‘represent‘ing the
input image;
(b) means for producing a ﬁrst sheared i image by performing a first shcarmg
operation on said array, said means for producing a first sheared image comprising:

(b1) means for initializing an integer column index ¢; '

(b2) means for determining a vertical shear factor B = tan (6/2);

(b3) means for determining a horizontal offset AH defined as the product of
the vertical shear factor B times the column index c;

.(b4) means for generatmg DCT coefficients of a segment of pixels related
to said column index ¢ by taking a forwatd discrete even cosine transfonnation
(DCT) of 3aid segment; , )

(b5) means for generating modlﬁed IDCT eoefﬁcnents, comspondmg to
shifted pixels, by performing a modified inverse discrete even cosine

k
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tmnsformstion (DCT) of said DCT coeffictents of said column xndex ¢ using a
modified IDCT basis function dependent upon said vertical offset;
(c6) means for increménting said column index ¢ by one so that a next
column of said image can be processed; and : o
| (c) means for producing a second sheared image by performing a second shearing " -
operation on said first sheared image, said means for .pmducing a second sheared image “
comprising: '
(c1) means for mmalxzmg an integer row index r;
(c2) means for determining a horizontal shear factor o = -sin 0'
(c3) means for determining a horizontal offset AH defined as the product of
the horizontal shear factor o: times the row index 1
' (c4) means for generating DCT coefficients of a segment of pixels related
to said row index r by taking a forward discrete even cosine transformation
(DCT) of said segment; .
_ (c5) means for generating modiﬁed IDCT coefficients, correspondmg to
shifted pixels, by performing a modified inverse discrete cosine transformation
(IDCT) of said DCT coefficients of said row index r using a modified IDCT
basis function dependent upon said vertxcal offset;
A (c6) means for incrementing smd row index r by one so that a next row of
said image can be processed; and
'(d) means for producing a third sheared image corresponding to said output lmage
by performing said first shearing operation on said second sheared xmage.
‘ 10. An ﬁnage processing method for skewing a segment of an image, said
image represented by pixels aligned in rows and columns in a spatial domain, said method
comprising the stéps of: »
selecting an image rotation angle;
initializing one of & column index and a row index;
daérhiﬂng a’shear factor trigonometrically related to said image rotation angle;
‘ determining an offset related to said shear factor and said one of the column index
and the row index; . . - ‘"
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generating DCT coefficients of the segment of pxxels related to s:ud one of the
column index and the row index by taking a forward dlscrete even cosine transformatxon

(DCTN of said segment; and

generating modified IDCT coefficients of said segment by taking a modified
inverse discrete even cosine transformation (IDCT) of said DCT coefficients; said

" modified IDCT coefficients corresponding to said skewed segment of the image. I

11.  The image processing method of claim 10, further comprising the step of

".generating said skeéwed segment of the i 1mage in response to said modified IDCT

coefficients.

12. " An image processing method for skewing ah image represented by pixels '
aligned in rows and columns in a spatial domain, said method compnsing the steps of: '
(123) in a mncrocomputer, selecting an image rotation angle 8;
(12b) in said mncrocomputer, initializing an integer row index r; .
(12¢) in said microcomputer, determining a horizontal shear factor o= -tan(6/2);
(12d) i in said microcomputer, determining a horizontal offset AH deﬁned as the
product of the horizontal shear factor o times the row index T; :
(12¢) in an array processor, generating DCT coefﬁcxenu ofa segment of pixels
related to said row index r by takmg a forwa.rd discrete even cosine transformation
(DCT) of said segment

(12f) in said array processor, generating modified IDCT coefficients eorrespondmg Cor

of said DCT coefficients of said segment using a modxﬁed IDCT basis matrix dependent
upon said horizontal offset; . ' o
, (12g) repeating steps (12¢) and (12f) until said modified IDCT coefficients are
generated fqr every pixel corresponding to said row index r; and » . .
(12h) incrementing said row index © by one, then repeating steps (12d) through :

" (12g) until said modified IDCT coefficients are generated for every pixel of the image.

13.  The image processing method of claim 12, further comprising the step of

.-generating said skewed image in response to said modified IDCT coefficients;

a1l
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14, An image proccssmg method for skewing an image represented by pxxcls

: aligned in rows and columns in a spatial domain, said method comprising the steps of:

. (l4a)ina mlcrocompmer, selecting a mdetermined image rotation angle 6;
(14b) in smd microcomputer, uutinlmng an integer column index ¢; ' ‘ '
(14¢) in said mxcrocompuwr. determining a vertical shear factor B = sin 6;
(14d) in said micmcomputer, determining a vertical offset AV defined as the . ?
product of the vertical shear factor B times the column index ¢ '
(14¢) in an array processor, generating DCT coefficients of a segment of pixels
related to said column index c by taking a forward discrete even cosine transformation
(DCT) of said segment;
(l4t) in said array processof, generatmg modified IDCT coeﬂiclents corresponding
to shxﬁed pixels by takmg a modified inverse discrete cosine transformation (DCT) of
said DCT coefficients of said segment using a modified IDCT basis function dependent
upon said vertical offset;’ : : -
(14g) repeanng steps (14¢) and (14f) until said modlﬁed IDCT coefficients are
generated for every pixel corresponding to column index c; and
.(14h) incrementing said column index ¢ by one, then repeating steps (l4d)

through (14g) until said modified IDCT coefficients are generated for every pixel of the
image.

15.  The image processing method of claim 14, further comprising the step of
generating said skewed image in response to said modified IDCT coefficients.

16. An image processing method which provides an output image rotated

. relative to an input image by an angle 0, said method comprising the steps of: -

(a) pmﬁdiﬂg an array of rows and columns of pixels rcpmedting the input image;
(b) producing a first sheared image by performing a first shearing operation on said
array, said first shearing operation comprising the substeps of: . :
(bl) initializing an integer row index r; A T
®2) detemumng a horizontal shear ﬁcwr o= tan(ﬂ/Z), »
(b3) determining a horizontal offset AH defined as the product of the ’
horizontal shear factor o times tbe row mdex T

[Y;
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- index r, by taking a forward discrete even cosine transformation (DCT) of said
,segment,

. by performing a modified inverse discrete even cosine transformation (IDCT) of

s am e et e e e me s dmiiers an s fr e e

(b4) generating DCT coefficients, of a segment of pixels Arclate-d to said row

®S5) generatmg modified IDCT coefficients, commpondmg to shifted pxxels,

said DCT coefficients of said row index r using a modified IDCT basis function
dependent upon said horizontal offset,

(b6) repeaﬁng steps (b4) and (bS) until said ﬁrst modified IDCT coefficients

- are generated for every pixel corresponding to said row index r;

(b7) incrementing said row index r by one, then repeatin§ steps (b3)
through (b6) until said modified IDCT coefficients are generated for every pixel of-
the image; .

() producing a second sheared image by performing a second shearing operation

on said first sheared image, said second shearing operation comprxsmg the substeps of'

(c1) initializing an integer column index c;
- (c2) determining a vertical shear factor B = sin 6; .
(c3) determining a vertical offset AV defined as the product of the vertical -

* shear factor B times the column index c;

_(c4) generating DCT coefficients of a segment of pixels related to said
column index ¢ by taking a forward discrete even cosine transformation (DCT) of
said segment; . '

(c5) generating modified IDCT coefficients, corresponding to shifted pixels,
by performing a modified inverse discrete cosine transformation (IDCT) of said
DCT coefficients of said column index ¢ using a modified IDCT: basis function

* dependent upon said vertical offset;

(c6) repeating steps (c4) and (c5) until said modified IDCT coefficients are
generated for every pixel corresponding to column index é, and

7 inmmenung said column index ¢ by one, then repeating steps (c2)
through (c6) ‘until said modified IDCT coefficients are genemted for evexy pixel of A

‘ the image; and

(d) producing a third sheared image corrwponding to said output image by

performing said first shearing operation on said second sheared image.

29
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17.  An image processing method which provides an output image rotated .
relative to an input imaée by an angle 8, said method comprising the steps of: _ .
(a) providing an array of rows and columns of pixels representing the inj:ut image; s
(b) produéing a first sheared image by performing a first shearing operation on said
array, said first shearing operation comprising the substeps of: - : :
(b1) initializing an integer column index c; '
(b2) determining a vertical shear factor B = tan (8/2); ,
. (b3) determining a horizontal offset AH defined as the product of the
vertical shear factor P times the column index c;
(b4) ‘generating DCT coefﬁcxents of a segment of pixels related to said
column mdex ¢ by taking a forward discrete even cosine transformaﬂon (DCT) of *
said segment, -
(b5) generating modified IDCT coefficients, correspondmg to shifted pixels,
by performing a modified inverse discrete even cosine transformation (IDCT) of
said DCT coefficients of said column index ¢ using a modified IDCT basis
function dependent upon said vertical offset; .
(b6) repeating steps (b4) and (b5) until said first modified IDCT coefficients
are generated for every pixel corresponding to said column index c;
- (b7) incrementing said column index ” ¢ by one, then repeatmg steps (b2)
through (b6) until said modified IDCT coefficients are generated for every pixel of
the image; . ' ' -
(c) producing a second sheared image by performing a second shearing operation
on said first sheared image, said second shearing operation comprising the substeps of:
(c1) initializing an integer row index r;
(c2) determining a horizontal shear factor @ = -sin0°
(c3) determining a horizontal offset AH defined as the product of the _
horizontalshe?arfactorat_imestherowindexr; : .
(c4) generating DCT coefficients of a segment of pixels related to said row
index r by taking a forward discrete even cosine transformation (DCT) of said . -
ogment; , . ; ' .

-r_ e
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(c5) generating modnﬂed IDCT coefficients, cou'esponding to shifted pixels,
by performing a modified inverse discrete cosme transformation (IDCT) of said
DCT coefficients of said row index r using a modified IDCT basis function
dependent upon said vertical offset; ‘
35 (c6) shifting said segment of pixels related to said row index r and
repeating steps (c4) and (c5) until said modified IDCT coefficients are generated
for every pixel corresponding to said row index r;
(c7) incrementing said row index r by one, then repeating steps (c2)
. through (c6) until said modified IDCT coefﬁcxents are generated for every pixel of
40 ~ the image; and
(d) producing a third sheared image corresponding to said output image by
performing said first shearing operation on said second sheared i image.

3
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FIG. 2A
(PRIOR ART)

" FIG. 2B
(PRIOR ART)
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